
 

 

Pathogenic Bacteroides fragilis strains can emerge from gut-resident commensals 
 
Renee E. Oles1,2,#, Marvic Carrillo Terrazas1,#, Luke R. Loomis1, Maxwell J. Neal3, Mousumi Paulchakrabarti4, 

Simone Zuffa5,6, Chia-Yun Hsu1, Adriana Vasquez Ayala1, Michael H. Lee2, Caitlin Tribelhorn2, Pedro Belda-

Ferre2, MacKenzie Bryant2, Jasmine Zemlin5,6, Jocelyn Young7, Parambir Dulai8,9, William J. Sandborn8,10, 

Mamata Sivagnanam7, Manuela Raffatellu2,10,12, David Pride1,10,13,14, Pieter C. Dorrestein5,6, Karsten 

Zengler2,3,10,11, Biswa Choudhury4, Rob Knight2,10,15,16,17, and Hiutung Chu1,10,12,* 

  
1Department of Pathology, University of California, San Diego, La Jolla, CA. 
2Division of Host-Microbe Systems and Therapeutics, Department of Pediatrics, University of California, San 

Diego, La Jolla, CA. 
3Department of Bioengineering, University of California, San Diego, La Jolla, CA 
4GlycoAnalytics Core, University of California San Diego, San Diego, CA  
5Skaggs School of Pharmacy and Pharmaceutical Sciences, University of California, San Diego, La Jolla 
6Collaborative Mass Spectrometry Innovation Center, Skaggs School of Pharmacy and Pharmaceutical 

Sciences, University of California, San Diego, La Jolla, CA 
7Division of Gastroenterology, Hepatology and Nutrition, University of California, San Diego and Rady 

Children’s Hospital, San Diego, CA. 
8Division of Gastroenterology, University of California, San Diego, La Jolla, CA.  
9Division of Gastroenterology, Northwestern University, Chicago, Illinois.  
10Center for Microbiome Innovation, University of California, San Diego, La Jolla, CA. 
11Program in Materials Science and Engineering, University of California, San Diego, La Jolla, CA 
12Chiba University-UC San Diego Center for Mucosal Immunology, Allergy and Vaccines (cMAV), University of 

California, San Diego, La Jolla, CA. 
13Center for Innovative Phage Applications and Therapeutics (IPATH), University of California, San Diego, La 

Jolla, CA.  
14Center of Advanced Laboratory Medicine (CALM), University of California, San Diego, La Jolla, CA.  
15Shu Chien-Gene Lay Department of Bioengineering, University of California San Diego, La Jolla, CA.  
16Department of Computer Science & Engineering, University of California, San Diego, La Jolla, CA. 
17Halıcıoğlu Data Science Institute, University of California, San Diego, La Jolla, CA.  
#Equal first authors 

*Corresponding author 

 

Corresponding author email: hiuchu@ucsd.edu 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 19, 2024. ; https://doi.org/10.1101/2024.06.19.599758doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.19.599758
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

SUMMARY   
Bacteroides fragilis is a prominent member of the human gut microbiota, playing crucial roles in maintaining gut 

homeostasis and host health. Although it primarily functions as a beneficial commensal, B. fragilis can become 

pathogenic. To determine the genetic basis of its duality, we conducted a comparative genomic analysis of 813 

B. fragilis strains, representing both commensal and pathogenic origins. Our findings reveal that pathogenic 

strains emerge across diverse phylogenetic lineages, due in part to rapid gene exchange and the adaptability of 

the accessory genome. We identified 16 phylogenetic groups, differentiated by genes associated with capsule 

composition, interspecies competition, and host interactions. A microbial genome-wide association study 

identified 44 genes linked to extra-intestinal survival and pathogenicity. These findings reveal how genomic 

diversity within commensal species can lead to the emergence of pathogenic traits, broadening our 

understanding of microbial evolution in the gut.   
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INTRODUCTION 
The human microbiota is a complex community of microorganisms critical for host health. As one of the most 

abundant species in the human gut, Bacteroides fragilis is integral to various physiological processes including 

the regulation of metabolic processes and immune development. Colonization of the gastrointestinal tract by B. 

fragilis occurs shortly after birth and is detectable within the first few days of life1,2, with a single dominant strain 

establishing residence3,4. Although B. fragilis generally functions as a beneficial commensal throughout life, it 

can become pathogenic and cause opportunistic infections if it breaches the intestinal barrier. In fact, B. fragilis 

is the most common cause of anaerobic infections in humans5–7. Given the dual nature of B. fragilis8, we sought 

to elucidate the genomic features that distinguish commensal strains in the gut from pathogenic strains found in 

extra-intestinal environments.  

 

Pioneering studies have explored the duality of commensal and pathogenic B. fragilis strains6,9. Despite 

extensive efforts, conclusive associations between clinical strains and specific virulence factors have yet to be 

established10–14. Some reports suggest that the capsule mediates serum resistance, agglutination, or adherence 

properties in virulent B. fragilis strains isolated from abscesses and bloodstream infections11–13,15,16. Purified 

capsular material from B. fragilis is sufficient to induce abscess formation in animal models9,17, highlighting its 

potential as a major virulence factor. On the other hand, capsular polysaccharide A (PSA) is known to govern 

immune tolerance in the gut18. Additionally, a subset of intestinal B. fragilis known as enterotoxigenic B. fragilis 

(ETBF), which produce an endotoxin encoded by the bft gene, are associated with infantile diarrhea and 

colorectal cancer19–21. The presence of these factors underscores the complex nature of B. fragilis as a key 

commensal in the gut microbiota that can turn pathogenic, leveraging its genetic and structural components to 

adapt and thrive in extra-intestinal environments.  B. fragilis may adapt to challenging environments by evolving 

altered colonization capacities, novel metabolic capabilities, and interactions with different microbial communities 

to ensure survival. This duality poses significant challenges in understanding the precise mechanisms through 

which commensal strains of B. fragilis become pathogenic.  

 

Here, we performed whole-genome sequencing for a comprehensive genomic and functional analysis of 813 

commensal and pathogenic B. fragilis strains. This analysis unveils a vast and dynamic pangenome, illustrating 

the species' remarkable adaptability to diverse host-associated niches and its transition from a commensal 

organism to a pathogen. We hypothesize that commensal strains act as reservoirs for virulence determinants, 

playing a crucial role in the emergence of pathogenic extra-intestinal isolates. Understanding this transition is 

critical for elucidating the pathogenic mechanisms associated with B. fragilis infections and underscores the 

need for further research into this complex commensal bacterium. 
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RESULTS 
Comparative genomic analysis of commensal and extra-intestinal B. fragilis strains reveals extensive 
genetic diversity    
We conducted the largest comparative genomic analysis to date of 813 B. fragilis whole genome sequences, 

which includes 147 newly isolated and/or sequenced strains (Table 1) and 666 sequences from public 

repositories 22 (Table 2). In total, 510 strains were derived from the gastrointestinal tract, 221 originated from 

extra-intestinal infections, and 82 from unknown origins. These strains were collected between 1925 and 2022, 

originating from 29 countries across six continents, and isolated from various anatomical sites including feces, 

intestinal biopsies, blood, and skin. We constructed a phylogenetic tree of all 813 isolates from the alignment of 

2,349 orthologous core genes (found in ≥99% of B. fragilis strains), annotated with geographical and anatomical 

origins, and the presence and absence of select genes of interest (e.g., type VI secretion system (T6SS) GA1 

and GA3, B. fragilis toxin) and plasmids (Figure 1A). Strain relatedness through the phylogenetic tree did not 

significantly correlate with either the continent of isolation (PERMANOVA, p=0.087), nor the site of isolation 

(intestinal vs. extra-intestinal; PERMANOVA, p=0.133), which corroborates previous studies23. This supports the 

hypothesis that pathogenic B. fragilis strains can emerge from gut-resident commensals through multiple 

independent events24–26. 

 

In order to characterize the composition of the pangenome, we analyzed the genes of all 813 B. fragilis isolates 

and categorized them into core genes (2,349 orthologous genes found in ≥99% of B. fragilis strains), accessory 

genes (10,724 orthologous genes in <99% and >1%), and strain-specific genes (12,121 genes present in ≤1% 

of strains) (Figure 1B and Table 3). On average, a given B. fragilis isolate harbors 4,496 genes (± 273, standard 

deviation), composed of 52% core and 48% accessory genes. Core genes are found predominantly in conserved 

essential pathways, whereas accessory genes are commonly found in pathways facilitating niche-specific 

functions such as those involved in metabolic capabilities or immune evasion27 (Figure S1A-1B). We observed 

no significant differences in the number of core and accessory genes between gut-associated B. fragilis and 

extra-intestinal strains (Figure S1A-B), nor differences in genome size or GC content (Figure S1C-1D). We next 

evaluated the rate of gene gain and loss in relation to core gene evolution, finding a significant correlation 

between core genome phylogeny branch length and gene gain and loss events (Student’s t-test, p=3.4e-70) 

(Figure 1C). This indicates that B. fragilis exhibits considerable genetic diversity and proficiently assimilates new 

genes, a characteristic often observed in bacteria within diverse communities28. The extensive accessory 

genome of B. fragilis highlights its genomic plasticity, which is crucial for the acquisition of new genetic 

determinants that support the transition from a commensal lifestyle to survival in extra-intestinal niches29. 

 

B. fragilis phylogroups harbor distinct genes that mediate capsule composition and niche occupancy 
Bacterial species are categorized based on shared evolutionary lineages, often reflecting their specific ecological 

niches30–33. In the case of B. fragilis, we employed a k-mer clustering approach using full genome assemblies to 
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classify strains into phylogroups, revealing 16 distinct phylogroups (Figure 2A, S2A, and Table 4). Extra-

intestinal B. fragilis strains are distributed across all phylogroups (Figure S2B), supporting the notion that 

pathogenic strains emerge independently from each phylogroup. Notably, we observed that commensal strains 

dominate phylogroups 10 and 15, while extra-intestinal strains are enriched in phylogroups 2 and 11 (Figure 
S2B).  

 

Differential gene presence/absence analysis across phylogroups identified distinct gene clusters specific to 

certain phylogroups. The predominant category of core phylogroup genes is associated with the biosynthesis of 

cell wall and membrane, with a substantial proportion of genes related to capsular polysaccharides (Figure 2B-
2C). B. fragilis capsular polysaccharides, particularly polysaccharide A (PSA), play a pivotal role in immune 

tolerance within the gut18,34,35, yet it also acts as a virulence factor involved in abscess formation outside the 

gut9,17,36. Previous studies have revealed structural variation in PSA among lab strains37–39. In our analysis of 262 

high-quality genome assemblies (Table 5), we discovered 15 configurations of the PSA operon, characterized 

by conserved start (upaY, upaZ) and end (wcfS) genes17,38, but with distinct variation in intermediary genes 

(Figure 2D). These variations, designated operons 1-15, closely align with the 16 identified phylogroups (Figure 
2D, S2C). A similar pattern is seen in the other capsular polysaccharides (PSB-PSH) (Figure S3). We observed 

that PSA operon 2 is enriched with commensal B. fragilis strains, whereas PSA operons 7 and 9 are dominated 

by extra-intestinal strains (Figure S2D). Notably, the well-studied PSA structure from NCTC 9343 (referred to 

as PSA operon 1) is present in only 14.8% of the strains we examined (Figure 2D, S2C). Given its relevance in 

promoting immune tolerance, we sought to explore the structural similarities among PSA operons derived from 

representative B. fragilis strains by elucidating their cross-reactivity with the previously described PSA operon 1 

from NCTC 9343. Western blot analysis indicated that antibodies raised against NCTC 9343 PSA can detect 

other B. fragilis strains harboring the PSA operon 1 (Figure 2D, top left). However, no cross-reactivity was 

detected to strains from five different PSA operons, indicating distinct antigenic variation among them. Overall, 

the genetic diversity within PSA operons contributes to antigenic variability, which may influence the balance 

between the induction of intestinal immune tolerance and extra-intestinal abscess formation under various 

contexts and niches.  

 

Transmission electron microscopy analysis of B. fragilis strains also revealed morphology and ultrastructural 

variation across different strains and phylogroups (Figure 3A). This phenotype is further supported by 

monosaccharide and fatty acid analysis of capsular polysaccharide and lipopolysaccharide (LPS), revealing 

quantitative variation in monosaccharide composition among different B. fragilis strains (Figure 3B-C and Table 
6). We did not observe repeating oligosaccharide chains typical of LPS, as previously reported40,41. Instead, we 

detected minor variations of lipooligosaccharide (LOS) structures in B. fragilis strains over six different 

phylogroups (Figure 3D). We further reveal an enrichment of rfb genes, involved in O-antigen synthesis, in extra-

intestinal strains (Figure S2E). The modification of O-antigen expression in extra-intestinal strains, known to 
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impact bacterial immune evasion through processes such as serum/complement mediated killing and niche 

occupancy42. To assess the potential impact of O-antigen variation in host response, we examined resistance to 

killing by normal human serum (Figure 3E). The extra-intestinal strain HCBf084 isolated from a wound drainage 

was highly resistant to serum killing. Notably, the survival of type strain NCTC 9343 was decreased in PBS 

alone, thus its susceptibility to human serum could not be evaluated under the same conditions. Altogether, 

these findings support that structural variations can impact the pathogenicity and virulence traits of B. fragilis 

strains.  

 

Beyond the capsule-related genes, our analysis of differential gene presence/absence between phylogroups 

revealed distinct gene clusters present in specific phylogroups (Figure 2C and S2F). Phylogroup 11 is enriched 

with extra-intestinal strains, representing 44% of this phylogroup (relative to 30% of total extra-intestinal strains 

in this study) (Figure S2B), with all the strains harboring the B. fragilis toxin (bft) gene (Figure 1A and 2C). We 

also observed that the T6SS GA3 (BF9343_1919-1925, 1931, 1940-1943) is absent in phylogroup 11 (Figure 
1A and 2C). The B. fragilis T6SS GA3 system is known for its role in colonization and competition43,44. Therefore, 

its absence in all of phylogroup 11 is notable. The consistent presence of bft+ strains within phylogroup 11 

suggests a potential compensatory role in colonization and long-term niche occupancy, as previously 

hypothesized45,46. Additionally, the T6SS loci of GA3 is highly divergent, with distinct effector region variants 

aligning with phylogroups (Figure S4), and mirrors the pattern observed for the capsular polysaccharide paths 

(Figure 2D and S3)47–49. B. fragilis can also secrete a ubiquitin homolog (BfUbb) that targets select B. fragilis 

strains for lysis, mediating another mechanism of intra-species antagonism50,51. In our analysis, BfUbb 

(BF9343_3779) emerges as 11% more abundant in extra-intestinal strains and functions as a core gene within 

phylogroup 5. Moreover, we identified it in 87% of the strains belonging to phylogroup 7, while absent in other 

phylogroups (Figure 1A and 2C). Altogether, the distinct gene signatures identified within individual phylogroups 

indicate the potential for eliciting unique interactions between hosts and microbes. 

 
Growth and metabolic profiles of commensal and extra-intestinal B. fragilis 
To determine if extra-intestinal strains exhibit distinct growth rates compared to commensal strains, we analyzed 

the growth of 78 phylogenetically representative B. fragilis strains in nutrient-rich media (BHI-S). Our analysis 

revealed no significant correlation between growth rate and isolation source (Welch’s t-test, p=0.6443), 

suggesting similar growth capabilities across commensal and extra-intestinal strains (Figure 4A). To further 

explore potential metabolic differences, we constructed genome-scale metabolic models for commensal and 

extra-intestinal strains. These models did not indicate any significant differences in metabolic potential between 

commensal and extra-intestinal B. fragilis, corroborating the growth assays (Figure 4B). Specifically, commensal 

and extra-intestinal strains could not be separated by predicted nutrient utilization profiles, predicted reaction 

rates to achieve optimal growth, or their individual metabolic enzyme and transporter inventories. Thus, neither 

the components of the models nor their predictions provide a basis for how commensal and extra-intestinal 
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strains may be differentiated. Nonetheless, leveraging our whole genome data to construct these strain-specific 

models enabled accurate predictions of B. fragilis growth on diverse carbon and nitrogen sources (Figure 4C). 

This collection of models accurately predicts growth in 29 out of 33 conditions, which we verified through our 

growth assays or through public data52 on growth of B. fragilis strains (Figure 4D). 

 

We next performed untargeted metabolomic profiling of 84 B. fragilis strains (commensal n=38, extra-intestinal 

n=31, unknown n=18) via LC-MS/MS (Figure 4E). However, in line with the metabolic model, our analysis did 

not demonstrate clustering by isolation source (PERMANOVA, p=0.992) (Figure S5A). We did observe 12 

metabolic features differentially produced between commensal and extra-intestinal strains (Wilcoxon rank-sum 

test, adjusted p≤0.05), however these hits were unannotated (Figure S5B-C). We also examined the prevalence 

of antimicrobial resistance genes (Figure S6A-C) and profiled the resistance activities in commensal and extra-

intestinal isolates (Figure S6D-F and Table 7). Again, no significant differences in antimicrobial resistance were 

observed between commensal and extra-intestinal strains, demonstrating that resident intestinal strains may 

serve as a reservoir for antimicrobial resistance genes for the emergence of pathogenic strains outside the gut 

environment.  

 

A genome-wide association study identifies extra-intestinal-associated traits 
To further understand the genetic factors contributing to pathogenicity and adaptation to extra-intestinal 

environments, we next profiled the accessory genome to identify genes associated with the extra-intestinal niche. 

We performed a microbial genome-wide association study (mGWAS) (n=514 non-MAG isolates) and uncovered 

44 genes associated with isolation source (Holm’s-corrected p-value ≤ 0.05) (Figure 5A). Notably, our mGWAS 

analysis identified more gene associations with extra-intestinal isolates (Groups 2-8) than commensal strains 

(Group 1) (Figure 5B and Table 8). The mGWAS analysis identified a gene cluster associated with commensal 

strains (Group 1, light green; Figure 5B), with the majority of the genes linked to conjugative transposons CTn86 

and CTn934353. This region includes several conjugative transposon genes (e.g., traK, traM, traN), together with 

mobilization genes belonging to the BFT pathogenicity island (e.g., bfmC, bfmA). In B. fragilis toxin-expressing 

strains, the bft insertion site (BF9343_1444-1446) is located between the two mobilization genes significantly 

associated with commensal strains (Figure 5B, highlighted by pink borders)54. These findings align with the 

known associations of the B. fragilis toxin with gastrointestinal conditions such as diarrhea, inflammatory bowel 

diseases (IBD), and colorectal cancer55–57, supporting its prevalence in resident intestinal strains. Moreover, this 

region features a polysaccharide utilization loci (PUL) containing a SusC and SusD pair (BF9343_1437, 

BF9343_1436) and xylosidase (GH30; BF9343_1435). Adjacent to this PUL is a bile salt hydrolase 

(BF9343_1433) (Figure 5B), which a recent report linked bile acid metabolism to carbohydrate metabolism and 

PUL expression in B. thetaiotaomicron58,59.  In our analysis, we identified three bile salt hydrolases in the B. 

fragilis pangenome, BF9343_3488 is core to the species, BF9343_1433 is in 47.23% (384/813), and 

HCBf132_07015 is present in only 0.023% (19/813) of strains. 
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In extra-intestinal isolates, mGWAS identified several putative virulence genes (Figure 5A-B), including a 

metalloproteinase (BF9343_1074, Group 2). A higher abundance of genes associated with the T6SS GA1 

system was also identified in extra-intestinal strains, particularly in the effector component, which includes Tss, 

Hsp, and Clp (Group 3, tan; Figure 5B). The T6SS GA1 locus, located on integrative conjugative elements, is 

widely distributed in gut Bacteroidales47 and suggested to be more readily transferred horizontally between 

species60. Strains harboring GA1 have a competitive advantage over other Bacteroides61. In extra-intestinal 

pathogenic E. coli (ExPEC), T6SSs play a role in virulence, conferring a highly pathogenic phenotype upon 

intestinal escape. Accordingly, extra-intestinal B. fragilis strains were associated with genes important for extra-

intestinal survival (araC, Group 7) and response to stressors (ompA, Group 6), including antibiotics (cfxA5, Group 

4; BF9343_2449, Group 5) (Figure 5B)53,62. Altogether, these genes enriched in extra-intestinal strains 

contribute to B. fragilis resistance to host immunity, facilitating successful intestinal escape and pathogenicity. 

 

We also identified a set of accessory genes encoded on plasmids predominantly found in extra-intestinal B. 

fragilis strains (Group 8, purple; Figure 5A-B). The plasmid pBFO42_263 was found in 40% of extra-intestinal 

strains, compared to 27% of commensals, while pBFO67_163 occurred in 18% of extra-intestinal strains and only 

5% of commensal strains. Both plasmids have been identified in other Bacteroidaceae including B. uniformis, B. 

faecalis, and Phocaeicola vulgatus, indicating their potential for interspecies transfer. Additionally, the broad 

distribution of plasmid pBFO42_2 across the phylogenetic tree suggests acquisition via horizontal gene transfer 

(HGT) (Figure 1A). These plasmids both harbor a toxin-antitoxin system and a putative exo-poly-alpha-D-

galacturonosidase (GH28), an enzyme responsible for hydrolyzing alpha-D-galactose residues (Figure 5A)64,65. 

Consistently, we observed elements linked to extra-intestinal environments, either identified or located near 

mobilization genes and genes predicted to be acquired through HGT. Specifically, groups 1, 3, 5, and 8 contain 

at least one transposon or plasmid-associated gene (Figure 5B). Given that HGT is the primary mechanism for 

gene acquisition in prokaryotes66, these results suggest that B. fragilis strains have acquired genes horizontally, 

enhancing their fitness and adaptability to colonize new ecological niches, such as extra-intestinal 

environments67–69.  

 

DISCUSSION 
This comprehensive genomic analysis of 813 B. fragilis strains reveals new insights into the genomic 

underpinnings that facilitate the commensal-to-pathogen transition. Our findings demonstrate an expansive 

pangenome, characterized by extensive genetic diversity that supports both the adaptability and the pathogenic 

potential of B. fragilis. Specifically, the identification of distinct phylogenetic groups associated with various 

virulence factors, including the B. fragilis capsule, T6SS, and toxin, offers new perspectives on how 

environmental pressures and HGT contribute to the evolutionary trajectory of these gut bacteria. Interestingly, 

many of these so-called ‘virulence factors’ also play crucial roles in immune regulation18,70 and colonization in 
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the gut60,71. This dichotomy suggests that these factors may be more appropriately considered as 'niche 

factors'—a concept proposed by Colin Hill72, which are essential for survival and adaptation within specific 

environmental contexts rather than exclusively mediating pathogenicity. Our findings here support this notion, 

as phylogroup-specific genes were primarily associated with niche factors within B. fragilis strains (Figure 2). 

While historically associated with virulence, arguably the capsule, T6SS GA3, and even the BFT orchestrates 

some aspects of intestinal colonization and occupancy. This reconceptualization challenges the traditional 

pathogen-centric view of these genes and suggests a more complex interplay of bacterial survival strategies that 

include both symbiotic and pathogenic strategies.  

 

Indeed, several studies have reported that enterotoxigenic B. fragilis (ETBF) strains evolved from non-toxigenic 

B. fragilis strains via horizontal transfer21,73. Phylogenetic analysis indicates that ETBF strains do not cluster 

together (Figure 1A) but likely emerged through multiple independent events. This, coupled with the open 

pangenome of B. fragilis, supports the notion that commensal strains act as reservoirs for virulence determinants, 

enabling the emergence of pathogenic strains once it escapes the normal gut environment. Our findings align 

with previous work on the commensal E. coli HS strain, which also exhibits genetic mosaicism with traits 

characteristic of both commensal and pathogenic strains74. Rasko and colleagues proposed that commensal 

bacteria may serve as ‘genetic sinks’ that give rise to pathogenic isolates. The dynamic nature of the B. fragilis 

pangenome, along with a higher rate of gene acquisition and HGT69, suggests that commensal strains 

continuously integrate new genetic elements, contributing to the emergence of pathogenic variants. These 

findings underscore the adaptability of B. fragilis, suggesting that factors often labeled as 'virulence factors' are 

actually part of a broader adaptive strategy for navigating the complex gut environment, with implications ranging 

from commensalism to pathogenicity. 

 

Our functional analyses further revealed indistinguishable growth capacities and metabolic profiles between 

commensal and extra-intestinal B. fragilis. However, when we profiled the accessory genome to identify 

associations with the intestinal versus extra-intestinal niche, we uncovered 44 genes linked to isolation sources 

using microbial genome-wide association study (mGWAS). This analysis identified more gene associations with 

extra-intestinal isolates than commensal strains, predominantly characterized as putative virulence genes 

essential for survival outside the gut. Notably, genes associated with commensal strains were primarily acquired 

via conjugative transposons, including CTn86 and CTn9343 (Figure 5A), which are found almost exclusively in 

B. fragilis division I strains75,76. These genetic elements associated with commensal B. fragilis have a very narrow 

host range relative to those found in extra-intestinal strains. In contrast, genes enriched in extra-intestinal isolates 

were acquired horizontally from strains within and beyond Bacteroides, including plasmids pBFO42_2 and 

pBFO67_1 (Figure 5A-B). A recent study reported the prevalence of the cryptic plasmid pBI143 in gut 

microbiomes from humans living an industrialized lifestyle, characterized by genes responsible for mobilization 

(mobA) and replication (repA)77. Although pBI143, initially described in B. fragilis78, does not appear to confer 
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direct beneficial functions, its copy numbers increased during stress conditions such as oxygen exposure and 

IBD. This pattern is consistent with our findings on the prevalence of pBFO42_2 and pBFO67_1 in extra-intestinal 

B. fragilis isolates, suggesting that these plasmids may provide adaptive advantages under environmental 

stresses typical of extra-intestinal infections, such as increased oxygen exposure.  

 

Altogether, this study elucidates the adaptive mechanisms enabling B. fragilis to transition between commensal 

and pathogenic roles, highlighting the intricate interplay of genetic, environmental, and evolutionary forces 

shaping this duality.  

 
LIMITATIONS 
While the large scale of our genomic dataset provides robust statistical power, the functional roles of many 

identified genes remain to be elucidated through experimental validation. Future research should focus on 

longitudinal studies to track the evolutionary dynamics of B. fragilis in situ, examining how shifts in the gut 

environment—such as changes in diet, antibiotic usage, or disease states—affect its genomic architecture and 

pathogenic status. Additionally, exploring the interaction networks between B. fragilis and other gut microbiota 

members could shed light on the community-level mechanisms that favor its pathogenic transformation.  
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METHODS 
Bacterial strains and culture conditions 
Bacterial strains are described in Table 1. Bacteroides fragilis strain NCTC9343 was obtained from the American 

Type Culture Collection (ATCC). Bacteroides fragilis strains were grown anaerobically (10% H2, 10% CO2, 80% 

N2; Coy Lab Products) at 37 °C in brain heart infusion (BHI) broth (BD Biosciences) supplemented with 5 μg/ml 

hemin (Sigma) and 0.5 μg/ml vitamin K (Sigma) (BHI-S).  

 
Sample collection and bacterial isolation  
Samples from healthy donors and patients were collected with the approval of the University of California San 

Diego Institutional Research Board and with written informed consent signed by subjects prior to sample 

collection. Healthy and IBD strains were collected under IRB #141853, #150675, and #190012, and extra-

intestinal B. fragilis strains were collected from the UCSD Clinical Microbiology Facility under IRB# 160524. B. 

fragilis strains from healthy donors were generously provided by Dr. Eric J. Alm (Massachusetts Institute of 

Technology)4. The historical B. fragilis strains were curated from the laboratory of Dr. Abigail Salyers (University 

of Illinois at Urbana-Champaign)25,79 and provided by Dr. Eric Martens (University of Michigan)52. Public strains 

were obtained from the NCBI repository for Bacteroides fragilis samples. In addition, we analyzed samples from 

previously published studies7,22.  

 

B. fragilis strains were isolated from approximately 0.5 g fecal materials, which were homogenized in 30% 

glycerol/0.1% cysteine, diluted 1:10, and plated in BHI-S with gentamicin (100 µg/mL). Colonies were picked 

from BHI-S plates and identities were determined using Bacteroides species-specific primers by qPCR (Table 
9), followed by confirmation by Sanger sequencing using primers for 16S rRNA, 27F and 1492R80. B. fragilis 

strains were banked in glycerol and stored in -80 ºC for downstream whole genome sequencing and functional 

studies.  

 
Metagenomic Library Preparation and Sequencing 
Bacteroides strains were grown anaerobically for 72 hours at 37°C in 1 ml of BHI-S. Nucleic acid extraction was 

performed with the MagMAX CORE Nucleic Acid Purification Kit (ThermoFisher)81. Extracted genomic DNA was 

transferred from 2.0 mL Eppendorf tubes to 96-well plates, and then compressed into a 384-well plate. Using 1 

µL of each sample, gDNA was quantified using the PicoGreen™dsDNA Assay Kit (ThermoFisher Scientific). 

Based on this quantification, each sample was normalized to 3.5 ng in 5 µL water before generating libraries 

using a 1:10 Kapa HyperPlus (Roche) miniaturized protocol with barcoded indices as previously described82. 

The libraries were quantified using the PicoGreen™ dsDNA Assay Kit (Thermo Fisher Scientific), and an equal 

volume of each sample was pooled using an Echo 550 acoustic liquid handler (Labcyte), PCR cleaned using the 

QIAquick PCR Purification Kit (QIAGEN), then size-selected to fragments of 300-700 bp using a PippinHT (Sage 

Science). The average fragment length was determined using a High Sensitivity D1000 Tapestation (Agilent), 
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and this was used to calculate the average molarity of the pool. This pool was diluted to 90 pM and sequenced 

with paired-end 150 bp on an iSeq v2 (300 cycle) (Illumina). Raw reads generated from the iSeq were 

demultiplexed, and new normalized pooling values were calculated based on read counts83. These new 

normalized pooling volumes were pooled from the original libraries, PCR cleaned, and again size-selected to 

fragment sizes of 300 - 700 bp83. The iSeq-normalized pool was sequenced on an Illumina NovaSeq 6000 with 

2 x 150 bp chemistry at the Institute for Genomic Medicine at UC San Diego.  

 

Post-Sequencing Data Processing 
After raw sequence reads were generated from the NovaSeq, adapter trimming was performed by Fastp84. 
Human filtering was performed by Minimap285 by alignment to one database containing human reference 
genome GRCh38 and PhiX, and a second database containing human reference genome CHM13 (ref 116,117). 
Resulting FASTQ were uploaded into Qiita86 study ID #14360 (https://qiita.ucsd.edu/public/?study_id=14360) or 
at EBI under accession number PRJEB76295 ERP160853. FASTQ files were further quality controlled via Fastp. 
 
Creation and analysis of the pangenome  
Assembly, quality control, pangenomic analysis, and genome-wide associations studies were conducted with 

the package Panpiper87. Briefly, draft assemblies were assembled using Shovill v1.1.088 (parameters --nocorr). 

Shovill filtered contigs with low coverage (<2x). Contigs were also filtered using BBMAP v38.93 if they were less 

than 500bp long. Quality control removed assemblies with less than 95% completeness, greater than 5% 

contamination by Checkm v1.1.3, less than 500 contigs, less than 95% of reads mapping to B. fragilis, and an 

average nucleotide identity to the reference 9343 B. fragilis strain less than 95% by FastANI v 1.32. Of the 953 

B. fragilis strains that passed assembly quality filtering, 140 mapped at approximately 87% sequence identity to 

the B. fragilis type strain NCTC 934387. Thus, these strains were excluded from further analysis in this study. We 

also removed strains which were isolated over multiple timepoints from the same host to decrease redundancy 

in our sample pool. This filtered the input to 813 samples. 

 

Bakta v1.6.089, AMRFinderPlus v3.11.1490, and EggnogMapper v2.1.1191, were used to annotate the high-quality 

assemblies. A pangenome from the annotated files was created using Panaroo v1.2.1092 (parameters --remove-

invalid-genes --clean-mode strict -a core --core_threshold 0.98 --len_dif_percent 0.98 -f 0.7 --merge_paralogs -

t 20 --refind_prop_match 0.5 --search_radius 5000). The pangenome size was estimated using the Infinitely 

Many Genes model as implemented in panaroo and the openness of the genome determined through gene gain 

and loss events compared with the branch lengths in the core genome using Panstripe, with significance 

determined through a Student’s t-test93. A phylogenetic tree based on the core genome alignment was created 

using FastTree2 v2.1.1194, IQTree2 v2.2.0.395, and RAxML v8.2.1296. Using the distances from the midpoint 

rooted phylogeny created by RAxML v8.2.12, a distance matrix was created to account for lineage effects in the 

genome-wide association study. Mash v2.397 was used to create a distance matrix between the samples using 

locality-sensitive hashing (parameters -s 10000). The resulting distance matrix was used to divide the strains 
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into phylogroups, with a cutoff value of 0.4498. The distance matrix was transformed via tSNE, using the 

fit_transform method from skylearn in Python and colored by phylogroup. We identified all genes core to 

individual phylogroups defined by 95% or more presence in all isolates of a phylogroup. We plotted shared core 

genes between phylogroups by COG category using ggplot in R. We additionally plotted a heatmap of all genes 

and their average abundance in each phylogroup using pheatmap in R.  

 

To conduct a bacterial genome-wide association study, three sources of genetic variation were used – unitigs, 

SNPs, and gene presence/absence patterns. These genetic variants were tested between phenotypes including 

fecal vs non-fecal source and antimicrobial resistance. In these, we excluded assemblies from MAGs in the gene 

presence/absence test as the MAGs have incomplete genomes and have lost any associated plasmids, leading 

to 514 isolate genomes. The association study was conducted using FastLMM as implemented in Pyseer v1.3.999 

using a kinship matrix derived from the phylogenetic tree from the core genome alignment to account for 

population structure. We filtered the resulting p-values by BH correction for the structural and gene 

presence/absence tests and filtered by a threshold calculated in Pyseer based on the number of patterns 

measured for the unitig test. We used a graph-based representation of the pangenome, where each node is a 

gene, and each edge represents two genes being adjacent in at least one isolate genome to determine the 

position of the significant genes in relation to each other in Cytoscape100. We selected four edges from each 

gene of interest which revealed all significant genes fall into 8 gene clusters within the pangenome; we filtered 

these gene clusters to only allow genes present in more than 5% of the population and edges present in more 

than 2.5% of the population. 

 

We filtered the assemblies to the most high-quality assemblies (less than or equal to 10 contigs), creating a 

pangenome of just these assemblies (n=262) (Table 5). The pangenome output contains a graph object where 

each node is a gene, and each edge represents two genes being adjacent on an assembled contig. Each edge 

and node are annotated with the strains that have that gene or connection. Since the first and last gene in the 

polysaccharide biosynthesis operons are conserved, a graph traversal program can be used to find all the 

possible paths between the first and last gene. We created a python package Travis 

(https://github.com/rolesucsd/Travis.git) to traverse the pangenome graph from a start and stop gene and used 

this tool to characterize several polysaccharide biosynthesis operons (PSA-H) and annotate the genes 

composing the pathway to genetically determine the significance of variations. 
 
Western blot analysis of Polysaccharide A 
100µl of overnight B. fragilis culture was spun down at 800 x g for 5 minutes. Bacterial pellets were resuspended 

in Laemmli Sample Buffer (Bio-Rad) and 1% 2-mercaptoethanol. Samples were incubated at 99 °C for 10 

minutes. Electrophoresis was conducted with 4-20% Tris-Glycine Mini Protein Gel (Invitrogen) and Tris-SDS 

glycine running buffer at 120V for 2 hours using a Mini Gel Tank (Invitrogen). Transfer to the PVDF membrane 
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was performed overnight at 10mA. Membrane was blocked 1 hour at room temperature (RT) in 5% non-fat dry 

milk in 1x PBS. Membrane was incubated with primary antibody (anti-PSA at 1:1000) for 1 hour at RT and 

washed three times with 0.05% PBS-Tween (Fisher Scientific). Incubation with secondary antibody (goat anti-

rabbit IgG at 1:10,000, Millipore) was performed for 1 hour at RT, followed by three washes with 0.05% PBS-

Tween. Reaction bands were detected using enhanced chemiluminescence (ECL) (Life Technologies) using 

Chemiluminescent Western Blot Imager Azure 300 (Azure Biosystems).  

 

Isolation and purification of LPS/LOS 
LPS/LOS was isolated from bacteria using slightly modified hot phenol-water extraction method101. Briefly, 

bacterial cells were suspended in 20 ml ultra-pure water and sonicated for 3 min, placed in a 68 °C water bath 

and kept stirring for 10 min. Equal volume of pre-heated (68 °C) 90% aqueous phenol solution was added to the 

cell suspension. The mixture was stirred vigorously for 45 min at 68 °C and then cooled rapidly in an ice-water 

bath for 10min. The sample was centrifuged at 6000 RPM for 45 min at 10 °C. The phenol saturated aqueous 

layer from the top was collected in a 50 ml Falcon tube and the residual material was re-extracted once more 

with equal volume of aqueous layer collected from first extraction using pre-heated ultrapure water following the 

similar method as mentioned above. The phenol-saturated aqueous layer was dialyzed using 1,000 molecular-

weight-cutoff regenerated cellulose dialysis tubing against DI-water for 3 days (with one change of 4L water per 

day). The samples were lyophilized and used for composition analysis by GC-MS. 

 

Monosaccharide and fatty acid analysis 

Monosaccharide and fatty acid composition was analyzed using GCMS as TMS derivative. Briefly, known 

amounts of LPS/LOS samples were spiked with 1 µg of myo-inositol as internal standard and methanolized using 

1M MeOH-HCl at 80 °C for 16h. The samples were then dried using nitrogen flush and N-acetylated using a 

mixture of methanol: pyridine: acetic anhydride at 100 °C for 1h. The reaction mixture was dried using nitrogen 

flush followed by TMS derivatization using Tri-Sil reagent (Thermo). The samples were extracted with hexane 

and injected on GCMS (Agilent Tech) equipped with Restek-5ms capillary column and ultra-pure Helium was 

used as carrier gas. The monosaccharides were quantified by comparing with known amounts of standards and 

fatty acids were presented as relative area percentages. Details of the instrumental method are as described 

(Leker et al. 2017). 

 
O-antigen assays 
5x108 CFU/ml of a B. fragilis (OD600=0.3) was washed twice in PBS and then resuspended in 200 µl of lysis 

buffer (2% 2-Mercaptoethanol, 2% SDS, 10% glycerol, and 0.1M Trizma HCl in water adjusted to pH 6.8). 

Samples were incubated at 95 °C for 10 minutes and then incubated with 40 µl of Proteinase K (Sigma) overnight 

at 55 °C. Lysates were prepared for electrophoresis with Laemmli Sample Buffer (Bio-Rad) and 7.5% 2-
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Mercaptoethanol. Electrophoresis was conducted using a Mini Gel Tank (Invitrogen), Novex Tris-Glycine Mini 

Protein Gel 4-20% (Invitrogen), and MES SDS Running Buffer (Invitrogen) at 25mA for 2 hours. O-antigen 

staining was then performed with Pro-Q Emerald 300 Lipopolysaccharide Gel Stain Kit (Invitrogen) following the 

manufacturer’s instructions. Gels were imaged with 302 nm UV transilluminator Workhorse Gel Imager Azure 

200 (Azure Biosystems). 

 
Human serum killing assay 
B. fragilis strains were cultured in BHI-S under anaerobic conditions at 37 °C overnight before being subcultured 

and normalized to 109 CFU/mL by OD600 and washed twice with sterile PBS. Approximately 106 CFU of each B. 

fragilis strain was treated with 60% normal human serum (Complement Technologies) for 180 minutes under 

anaerobic conditions and total CFU was enumerated by plating on BHI-S. 

 

Bacteroides growth assays 
Bacteroides fragilis strains were grown anaerobically, a single colony was picked for each strain and inoculated 

in 5 ml of BHI-S broth and grown anaerobically for 18 hours. Overnight cultures were subcultured at 1:25 (v:v) 

in fresh BHI-S and grown to OD600 of 0.8, 5 μL of this culture was taken and inoculated into a 96-well plate with 

200 μL of BHI-S media.  

 

For defined carbon sources a minimal media was used, for which 5 mg/mL of the said carbon sources and 1.25 

mg/mL of yeast extract were both added102. The media was then sterilized with a 22μm filter and 200μL added 

to a 96-well plate. Bacteria is similarly grown to OD600 of 0.8 once subcultured, then washed twice by spinning at 

8000 rcf for 5 mins and resuspending in minimal media without any carbon sources. 5μL of the washed bacterial 

culture was used in inoculate before the plate was read (BioTek) at OD600 every 15 minutes for 48 hours. All data 

was finally processed using the gcplyr103 and growthcurver104 packages within Rstudio105. 

 

Genome-scale metabolic modeling 
Genome-scale metabolic models for the strains of interest were constructed using B. fragilis model iMN674106 

as a template. Such models are composed of the enzymes, transport proteins, and their associated reactions 

and metabolites within an organism’s genome. Thus, they represent the set of possible molecular 

transformations an organism may perform, thereby allowing for the prediction of what compounds may be made 

in what amounts from a simulated medium. In combination with a list of metabolites that make up the organism’s 

biomass, these models can be used to predict growth rates under different conditions.  

 

The strain specific models were created using protein BLAST to identify which genes in the template model had 

orthologues in each strain’s genome, with a cutoff of 80% identity. BLAST was also used against all Gram 

negative bacterial models in the BiGG database107. The biomass reaction was unchanged from iMN674. 
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All simulations were performed in a medium of ammonia, hydrogen sulfide, heme, minerals, and inorganic 

phosphate, with unbounded uptake. In carbon source simulations, the source indicated was provided with a 

maximum uptake rate of 10 millimoles per gram dry weight per hour. Glucose and galactose uptake values were 

fitted to reflect the growth rates found experimentally. For nitrogen source simulations, glucose was provided at 

the fitted uptake value or the average of these values for strains without data. The nitrogen source was provided 

at 10 millimoles per gram dry weight per hour. All simulations were performed in MATLAB R2022b using the 

COBRA toolbox108 version 3.3. 

 

Extraction of bacterial cultures for LC-MS/MS 
Bacteroides strains were grown anaerobically for 24 hours at 37 °C in 500μl of brain heart infusion broth (BD 

Biosciences) supplemented with 5 μg/ml hemin and 0.5 μg/ml vitamin K (BHI-S) and stored at -80 °C until 

subsequent analysis.  

 

Samples underwent three freeze-thaw cycles to lyse the cells. A total of 180 μL were collected from each sample 
and transferred to a deep 96-well plate. Subsequently, 600 μL of LC-MS grade methanol (MeOH) was added to 
each well. The samples were then covered and sonicated for 10 minutes. After that, samples were centrifuged 
for 15 minutes at 2000 rpm. Supernatant (200 μL) was then transferred to a shallow 96-well plate to be 
evaporated in vacuum pressure under centrifugation. The dried samples were then stored at -80 °C until LC-
MS/MS analysis. On the day of the LC-MS/MS experiment, dried extracts were resuspended in a 50% 
MeOH/H2O solution containing sulfadimethoxine (1 μM) as internal standard. Resuspended samples were then 
sonicated for 10 min before the analysis. 
 

LC-MS/MS analysis of culture extracts 
Culture extracts (5 µL) were analyzed using a Vanquish ultra high-performance liquid chromatography (UHPLC) 
system coupled to a Q Exactive quadrupole orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, 
MA, USA). A Kinetex C18 column (50 x 2.1 mm, 1.7 mm particle size, 100 Å pore size, Phenomenex, Torrance, 
USA) was employed with a SecurityGuard ULTRA C18 cartridges (2.1 mm ID; 30 °C column temperature). The 
mobile phases (0.5 mL/min flow rate) were 0.1 % formic acid in both water (A) and acetonitrile (B) with the 
following gradient: 0-1 min 5 % B, 1-7 min 5-100 % B, 7-7.5 min 100 % B, 7.5-8 min 100-5% B, 8-10 min 5% B. 
Mass spectrometer was operated under the data dependent acquisition mode with positive heated electrospray 
ionization. The source parameters were: sheath gas flow, 53 AU; auxiliary gas flow, 14 AU; sweep gas flow, 3 
AU; auxiliary gas temperature, 400 °C; spray voltage, 3.5 kV; inlet capillary temperature, 269 °C; S-lens level, 
50 V. For data-dependent acquisition, MS1 scan was performed at m/z 100-1500 with the following parameters: 
resolution, 35,000 at m/z 200; maximum ion injection time, 100 ms; automated gain control (AGC) target, 5.0E5. 
For MS/MS acquisition, up to 5 MS/MS spectra per MS1 scan were recorded with the following parameters: 
resolution, 35,000 at m/z 200; maximum ion injection time, 100 ms; AGC target, 5.0E5; MS/MS precursor 
isolation window, m/z 3; isolation offset, m/z 0.5; normalized collision energy, a stepwise increase from 20 to 30 
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to 40 %; minimum AGC for MS/MS spectrum, 5.0E3; apex trigger, 2 to 15 s; dynamic precursor exclusion, 10 s. 
Obtained the raw data (.raw) was converted to .mzML format using MSConvert.  
 
Metabolite annotation 
Raw data and mzML files are deposited in the MassIVE data repository (http://massive.ucsd.edu) under the 

accession number MSV000090088. Feature extraction was performed using MZmine 3.2.8109. The data was 

filtered by removing all MS/MS fragment ions within +/- 17 Da of the precursor m/z. MS/MS spectra were window 

filtered by choosing only the top 6 fragment ions in the +/- 50 Da window throughout the spectrum. A feature 

based molecular network (FBMN)110 was then created setting precursor ion mass tolerance to 0.02 Da and a 

MS/MS fragment ion tolerance of 0.02 Da. Edges were filtered to have a modified cosine score above 0.7 and 

more than 5 matched peaks. Further, edges between two nodes were kept in the network if and only if each of 

the nodes appeared in each other's respective top 10 most similar nodes. Finally, the maximum size of a 

molecular family was set to 100, and the lowest scoring edges were removed from molecular families until the 

molecular family size was below this threshold.  

 

The MZmine parameters were as follows - mass detection (parameters: MS1 noise level 3E5, MS2 noise level 

0), ADAP chromatogram builder (parameters: minimum group size in number of scans 4, group intensity 

threshold 9E5, minimum highest intensity 3E6, 0.005 m/z tolerance or 10 ppm, retention time 0.88-7.5 min), local 

minimum resolver (parameters: chromatographic threshold 85%, minimum search range 0.05, minimum relative 

height 0.0%, minimum absolute height 1.0E3, min ratio of peak top/edge 1.7, peak duration range (min/mobility) 

0-2.00, min number of data points 4), isotopic peaks grouper (m/z tolerance 0.01 m/z or 10 ppm, RT tolerance 

0.30 min, maximum charge 5), join aligner (m/z tolerance 0.01 m/z or 10 ppm, weight for m/z 3, RT tolerance 

0.10 min, weight for RT 1), gap filler (intensity tolerance 20%, m/z tolerance 0.001 m/z or 5.00 ppm, RT tolerance 

0.1 min, minimum data points 2).  

 

The spectra in the network were then searched against GNPS2’s spectral libraries111. The library spectra were 

filtered in the same manner as the input data. All matches kept between network spectra and library spectra 

were required to have a score above 0.7 and at least 6 matched peaks. The final annotation table produced 

2754 features of which the GNPS had 413 level 2 annotations.  

 

Metabolite analysis  
The annotations and hits per sample were analyzed in R 4.1.1 (R Foundation for Statistical Computing, Vienna, 

Austria). A cluster of samples (n=29) were found which were grown in a different batch of BHI media, and these 

samples were removed from subsequent analysis resulting in 84 B. fragilis isolates (commensal, n=38, extra-

intestinal, n=31, unknown, n=18). The samples were normalized through the robust centered log ratio 

transformation (using the decostand function of the package vegan v2.6)112, which divides each value by the 
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geometric mean of the observed features before applying the log transformation. Zeros are excluded from this 

transformation. The samples were corrected for the media blanks by subtracting the media blanks from the 

sample counts. We created a PCA plot of metabolites produced by the prcomp function of the normalized, 

corrected metabolite abundances. Violin plots were created using ggplot2 of media-corrected normalized 

metabolite production. The Wilcoxon rank-sum test was conducted to determine differential abundance of media-

corrected and normalized metabolomics features between extra-intestinal and commensal strains. We 

determined significance with a Benjamini, Hochberg adjusted p-value ≤	0.05 and log2-fold change ≥ 0.25. We 

calculated differential abundance of metabolites in all strains against the media controls with a student’s t-test 

with a significance cutoff of a Benjamini, Hochberg adjusted p-value ≤	0.1 and log2-fold change ≥ 0.25. We 

created a heatmap in R with eucledian clustering of both rows (metabolites) and columns (isolates). 
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FIGURES 

 
Figure 1. Pangenomic analysis of Bacteroides fragilis strains reveals extensive genetic variation.  
A) A core genome alignment-derived phylogenetic tree of B. fragilis strains by maximum-likelihood annotated 

with continent of isolate origin (located as dots at the tips), specific phylogroup clusters indicated by the gray 
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inner ring, genetic regions of interest (the six colored rings which signify Type VI secretion system (T6SS) GA1 

and GA3, pBFO42_2 and pBFO67_1, plasmid; ubb; bft, B. fragilis toxin with the three isoforms as separate 

shades of green (n=813; p-value of PERMANOVA of anatomic site = 0.133; p-value of PERMANOVA of 

geography = 0.087) with the anatomic site of isolation coloring the outermost ring.  

B) The number of genes that are strain-specific (in less than 1% of isolates), accessory (between 1% and 99% 

of isolates), or core (in more than 99% of isolates) in the B. fragilis pangenome of 813 strains. 

C) A measure of core compared with accessory genome evolution through cumulative gene gain/loss events 

(accessory genome) versus cumulative phylogenetic branch distance (core genome) (Student’s t-test, p = 3.41e-

70), colored by terminal (light blue) and internal branches (dark blue) using the Panstripe algorithm (Tonkin-Hill 

et al., 2023).
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Figure 2. B. fragilis phylogroups have unique core-phylogroup genes  
A) B. fragilis phylogroups based on t-distributed Stochastic Neighbor Embedding (t-SNE) algorithm of a MASH, 

k-mer based distance matrix of the whole genome sequence of all strains. Phylogroups labeled 1-16. The 
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commonly used laboratory strains, NCTC 9343, YCH46, and 638R, are labeled within their respective 

phylogroups along with other B. fragilis strains used in functional assays described in this study: HCBf046, 

HCBf084, HCBf077, and HCBf104. T6SS GA3–/BFT+ represents a cluster of strains that lack T6SS GA3 and are 

positive for the presence of bft.  

B) Proportion of genes that are core to a collection of phylogroups, between 1 and 15, divided into COG 

categories with proportion expressed by the alpha of the heatmap cells.  

C) A heatmap of gene prevalence in each phylogroup. A euclidean clustering algorithm was applied to the rows 

and columns, gene clusters that belong to capsular polysaccharide paths are labeled, as well as the T6SS GA3 

gene cluster and the location of bft and BfUbb. 

D) Western blot analysis of PSA of B. fragilis strains representing six PSA operon structures. Rabbit anti-PSA 

antibody was raised against NCTC 9343, which representing PSA operon 1 (top left). PSA operon structure of 

B. fragilis strains of high-quality assemblies (n=262). Genes colored by COG category and annotated with a 

gene name, if available by Bakta annotation.
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Figure 3. Capsule heterogeneity among B. fragilis strains contributes to variable host immune 
responses. 
A) Transmission electron microscopy of six representative B. fragilis strains: NCTC 9343, HCBf046, HCBf104, 

638R, HCBf077, and HCBf084. Phylogroup and PSA operon (P#/PSA#) are as indicated. Scale bar, 200 nm. 

B) Capsule analysis where mole percentage of monosaccharides of six representative B. fragilis strains was 

determined by GC-MS. Rib, ribose; Rha, rhamnose; Fuc, fucose; Man, mannose; Gal, galactose; Glc, glucose; 

GalA, galacturonic acid; Hep, heptose; KDO, ketodeoxyoctonic acid; GlcNAc, N-acetylglucosamine; GalNAc, N-

acetylgalactosamine. 

C) Capsule analysis where fatty acid percentage of six representative B. fragilis strains was determined by GC-

MS. 

D) O-antigen analysis of whole cell lysates from six representative B. fragilis strains stained using Pro-Q Emerald 

glycoprotein stain.  

E) Serum killing assay of six representative B. fragilis strains. 106 CFU of B. fragilis were treated with 0% or 60% 

normal human serum (NHS) in 1x PBS for 180 minutes. Results show the percent survival of B. fragilis strains. 

Two-way ANOVA comparing the mean of B. fragilis strains survival at 0% and 60% NHS. Data are representative 

of 3 experiments. 
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Figure 4. Growth and metabolic profiles of B. fragilis strains  
A) Growth of B. fragilis strains over time and normalized to untreated wells, as indicated by OD600. Data is 

displayed as a heatmap, with a representative growth curve for NCTC 9343 overlaid above. Strains are ordered 

according to descending area under the curve (AUC). Data represents the AUC ± SEM, with the mean across 

three individual experiments. AUC coloring by extra-intestinal (pink), commensal (blue), and unknown (grey).  

B) PCA score plot of predicted metabolic fluxes, colored by commensal (blue) versus extra-intestinal (pink) 

strains. 

C) Defined carbon and nitrogen sources colored by growth (blue) or no growth (white) predicted for any B. fragilis 

strain. 
D) Predicted versus true growth of strains in defined nitrogen and carbon sources. 

E) Heatmap of differentially abundant metabolites compared to a media control, metabolites with annotation are 

labeled, hierarchical clustering of metabolites by row and strains by columns. Benjamini-Hochberg adjusted p 

≤	0.05 and log2-fold change ≥ 0.25; n of metabolites = 278; n of strains = 93. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 19, 2024. ; https://doi.org/10.1101/2024.06.19.599758doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.19.599758
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Figure 5. Extra-intestinal strains have genetic features associated with their isolation site 
A) Genes identified through gene presence/absence mGWAS as differentially present in commensals versus 

extra-intestinal strains (dark blue, commensal; pink, extra-intestinal strains; Holm’s adjusted p≤0.05). Y axis is 
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proportion of commensal or extra-intestinal strains with that gene as well as the percent difference in 

prevalence in commensal versus extra-intestinal strains. Size represents the -log10 p-value and color of each 

gene cluster determined by location on a pangenome graph, n=510 which excludes all metagenome 

assembled genomes (MAGs). 

B) Graphical representation of genes in the context of the pangenome in eight gene clusters. Group 1, 

commensal associated; Groups 2-7, extra-intestinal associated. The black border indicates genes which are 

predicted to be acquired through horizontal gene transfer (HGT). The pink border is highlighting the gene 

encoding the B. fragilis toxin, bft.  
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Supplemental Figure 1. Genetic diversity among commensal and extra-intestinal B. fragilis isolates 
A) Bar graph of log2 odds ratio between accessory and core genes per COG category separated by commensal 

(navy) versus extra-intestinal (pink) strains.  

B) The top 30 core and top 30 accessory KEGG categories, ordered by most frequently observed KEGG KO 

category. C, commensal; E, extra-intestinal. 

C) Genome size of commensal (C, n=281) and extra-intestinal (E, n=280) isolates, excluding assemblies derived 

from metagenomic assemblies, Welch’s t-test, p=0.42. 

D) GC content of commensal (C, n=281) and extra-intestinal (E, n=280) isolates, excluding assemblies derived 

from metagenomic assemblies, Welch’s t-test, p=0.074. 
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Supplemental Figure 2. B. fragilis commensal and extra-intestinal strain distribution among 
phylogroups and niche specificity traits 
A) Genome size of phylogroups 1-16. No statistically significant phylogroups by Welch’s t-test at a corrected p-

value of 0.05.  
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B) Distribution of B. fragilis isolates by isolation source across phylogroups. No statistically significant difference 

between isolation sources per phylogroup after chi-squared test with correction for multiple hypothesis testing.  

C) Distribution of phylogroups per PSA operon structure expressed in percentage.  

D) Distribution of commensal versus extra-intestinal B. fragilis isolates across PSA operons.  

E) Top 15 capsular polysaccharide genes which are differentially present in commensal compared with extra-

intestinal strains. 

F) KEGG categories of genes core to a number of phylogroups (x-axis).  
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Supplemental Figure 3. Polysaccharide operon structures among B. fragilis strains 
PSB-H operon structure per all high-quality isolates in the B. fragilis pangenome (n=262). Genes are annotated 

with gene names, if annotated by bakta. Colored by COG category, annotated with information on select strains 

profiled throughout the study. 
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Supplemental Figure 4. T6SSiii GA3 operon structures present in B. fragilis isolates 
T6SSiii GA3 operon structure per all isolates in the B. fragilis pangenome (n=813), genes annotated with gene 

names if annotated by bakta, colored by COG category (grey, unknown; green, cell wall/membrane/envelope 

biogenesis; pink, replication and repair), annotated with information on phylogroup composition per operon. 
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Supplemental Figure 5. Metabolic features among commensal and extra-intestinal B. fragilis 
A) PCA plot of media-corrected normalized abundances of strains (total, n=69; extra-intestinal=38; 

commensal=31) connected to the centroid of each group, colored by isolation source, (PERMANOVA, p=0.992). 

B) Metabolite production of annotated metabolites across B. fragilis strains normalized against the media control 

(n=73), comparing extra-intestinal (n=33) and commensal (n=40) strains. 

C) Volcano plot of differentially abundant metabolites of extra-intestinal (n=33) compared with commensal (n=40) 

strains. P-values on the y-axis are from a Wilcoxon rank-sum test comparing the average abundance of 

metabolites across strains versus a media control (dashed lines at Benjamini-Hochberg adjusted p-value ≤	0.1 

and log2-fold change ≥ 0.25). 
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Supplemental Figure 6. Antimicrobial resistance profile among commensal and pathogenic B. fragilis  
A) The percentage of antimicrobial gene presence-absence, grouping B. fragilis isolates by decade of isolation 

(1970s or earlier, n=28; 1980s, n=47; 1990s, n=10; 2000s, n=348; 2010s, n=393; 2020s, n=393). 
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B) Phylogenetic tree of B. fragilis strains used in antimicrobial resistance testing with proportion of resistance to 

ampicillin, tetracycline, imipenem, piperacillin-tazobactam (pip-tazo), clindamycin and polymyxin B. 

C) Percent of antimicrobial resistance gene distribution among B. fragilis strains (commensal, n=37; extra-

intestinal, n=32). Unknowns were excluded from the analysis.  

D) Growth rate of representative strains in no antibiotic media control, clindamycin (0.03125 μg/mL), polymyxin 

B (400 μg/mL), and tetracycline (0.1875 μg/mL). 

E) Comparison of antimicrobial minimal inhibitory concentration (MIC, μg/mL) among commensal (C) and extra-

intestinal (E) B. fragilis strains. Unknowns were excluded from the analysis. Unpaired t-test with Welch's 

correction. 

F) Beta-lactamase production among commensal (C) and extra-intestinal (E) B. fragilis strains and 

representative positive reaction for beta-lactamase production (n=37 per group). p=0.457 from a Fisher's exact 

test. 
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